For practical mobile fuel cell systems, the ability to tolerate high levels of carbon monoxide enables a simplified integrated reformer fuel cell design, where a one-step reforming process can directly feed the fuel cell. This creates the potential for practical fuel cell systems to be designed that are capable of operating using an on-board hydrocarbon fuel. Hydrocarbon reforming processes (i.e., partial Available online at www.sciencedirect.com ScienceDirect j ou rnal h ome pag e: www.elsevier.com/loca te/he i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 2 9 4 4 e2 9 5 4
Introduction
System designs integrating an on-board fuel reformer with a conventional PEM fuel cell using Nafion © -based MEAs are very complex, involving multiple fuel reforming and shift reactors to purify the hydrogen stream entering the fuel cell. Most single-step reforming processes tend to generate large amounts of carbon monoxide (CO), which adsorbs strongly onto platinum (Pt) at low temperatures, poisoning the electrode catalyst. For conventional polymer electrolyte membrane (PEM) fuel cells (PEMFCs) that operate around 80 C, significant performance loss is observed at CO concentrations in the anode feed in excess of 10 ppm [1, 2] . To reduce CO concentrations below 10 ppm, multiple reactors such as water gas shift (WGS) [3] , preferential oxidation (PROx) [4] , and pressure swing adsorption (PSA) [5] are required to clean up the reformate after the initial reforming reaction. Operating several reactors to produce dynamic power for mobile applications is impractically complex, and a CO-tolerant PEMFC technology would greatly simplify the overall system design. High temperature PEM fuel cells (HT-PEMFC) offer numerous advantages over conventional PEM fuel cells including fuel flexibility and reduction in balance of plant (BoP) equipment required at the system level. Operating at temperatures typically between 160 and 200 C allows the fuel cell to generate electricity using hydrogen feeds that contain much higher concentrations of contaminants than can be tolerated with conventional Nafion-based PEM fuel cells [2, 6, 7] . For example, Li et al. [2] considered the effect of CO concentrations up to 16% in a HT-PEM fuel cell. Although the performance of the fuel cell with CO concentrations of 16% was the lowest of all the tested operating conditions, useful amounts of power were generated nonetheless. This demonstrates that high power outputs are achievable with HT-PEM fuel cells, even when operating on very high concentrations of diluents. Additionally, operating at temperatures above the boiling point of water reduces complex water management BoP equipment because water can easily be removed from the cell as a vapor rather than as a liquid. These benefits allow for a much simpler integrated fuel reformer and fuel cell stack design.
Of the novel types of membranes used for HT-PEMFCs, such as those described in Refs.
[8e11], only a few have seen some commercial success. One of the commercially available membranes is based on a pyridine containing poly(ether sulfone) [12e14], also known as TPS ® , and is currently produced by Advent Technologies Inc [15] . A large focus of researchers using TPS-based membrane electrode assembly (MEAs) has been on developing direct methanol fuel cells (DMFC) such as in Refs. [14, 16] . While commercially available, there is, however, limited MEA performance data based on Advent's TPS technology in published literature.
The most widely studied HT-PEMFC membrane is the Celtec-P series developed by BASF based on acid-doped polybenzimidazole (PBI) [17] , and it has seen some commercial success [18] . Other commercially available PBI based MEAs are offered by Danish Power System [19] , and were investigated in Ref. [20] . The Celtec MEAs were chosen for use in our research as they appear to be more widely used in prior published research and they represent the state-of-the-art in commercially available HT-PEM MEAs.
Numerous performance studies have been conducted using the Celtec series MEAs investigating parameters such as temperature [21, 22] , CO concentration [17, 23, 24] , relative humidity [25, 26] , and durability [27e29]. Most performance studies for PBI-based HT-PEMFCs have focused largely on cell performance when operating on pure H 2 , or H 2 mixed with various amounts of CO, and at atmospheric pressure. However, if hydrogen is generated from an on-board fuel processor using a catalytic partial oxidation (cPOx), steam reforming (SR), or autothermal reforming (ATR) process, other gases may be produced that will enter into the anode of the fuel cell stack, such as N 2 , CO 2 , H 2 O, CH 4 , C 2 H 4 , and C 2 H 6 . For example, under optimal reforming operating conditions, propane cPOx will produce effluent gas composed of 28% H 2 , 23% CO, and 49% N 2 [30] .
Presently, very little data for HT-PEM fuel cells can be found while operating on high concentrations of N 2 in the anode, as well as under high pressures up to 200 kPa. If future integrated reformer HT-PEMFC systems are to be developed, the impact of N 2 dilution on a HT-PEMFCs performance should be investigated, as well as the effect of operating pressure. This article is the first in a series that attempts to fill this gap by investigating the performance of commercial TPS and PBIbased MEAs while varying the temperature, pressure, and different anode dilution concentrations with nitrogen (N 2 ). It is important to note that the effect of anode N 2 dilution is the focus of this study rather than CO 2 , another common fuel reforming effluent gas; this is for two reasons. The first is because some fuel reforming processes generate significant amounts of N 2 in the effluent, and very little if any CO 2 as described in the previous paragraph. The second is that several other works that investigate the effect of CO 2 concentrations in the anode up to 25% versus N 2 concentrations at the same level, show that N 2 and CO 2 result in the same performance loss when operating at the temperatures investigated in this study [2] . However, the performance loss when operating at lower cell temperatures, such as 60 C, is greater for CO 2 than N 2 at the same concentration levels [31] . In this work, the H 2 concentration was varied from 30 to 100%, the temperature was varied from 160 to 200 C, and the operating pressure ranged from atmospheric to 200 kPa.
Experimental
All experiments were performed using a modified Hydrogenics fuel cell test stand. Several TPS and PBI-based MEAs were purchased from Advent Technologies with active cell areas of 45.2 cm 2 [15] . BASF has stopped manufacturing the Celtec series MEAs, but has licensed their technology to Advent Technologies who manufactured the MEAs used in our experiments. The MEAs purchased were the Celtec P1100W and Advent's TPS series MEA, with total precious metal loadings of 1.7 and 3.0 mg/cm 2 , respectively. The manufacturer did not provide the specific amount of precious metal loading on the anode/cathode, nor the catalyst composition. The MEAs were placed in a test cell, shown in Fig. 1 , comprised of two graphite plates with flow channels cut in a quad serpentine
pattern, supplied by Fuel Cell Technologies. The end plates contain heating rods in order to control the cell temperature through a computer controlled relay.
According to the manufacturer's specifications, a break-in period of 24 h operating on pure hydrogen was completed for each cell where power was drawn at a current density of 0.2 A/cm 2 at a temperature of 160 C for the PBI, and 180 C for the TPS. Fig. 2 displays a schematic representation of the test cell system. Gases N 2 , H 2 , and Air were metered using Brooks mass flow controllers calibrated to control the desired gases. Cell back pressure was controlled using diaphragm regulators. The temperatures at the inlet and exit ports of the cell were maintained above 120 C so water would not condense within the test cell, as liquid water formation is a well-known degradation phenomena [32] . Water generated in the cell was condensed and removed downstream of the exhaust, as shown in Fig. 2 . A Labview ® control and data acquisition system was developed to automatically measure polarization curves and control gas flows. After the break-in, polarization curves were run from 0 to 1.5 A/cm 2 for the PBI MEAs, and 0e0.9 A/cm 2 for the TPS. All tests were run with a stoichiometric ratio of 1.5 at the anode using either pure hydrogen or a specified mixture of H 2 and N 2 , and a stoichiometric ratio of 2.0 at the cathode using air. Results and discussion As can be seen in each sub figure of Fig. 4 , anode dilution has a significant impact on performance for the given test conditions, particularly at lower temperatures and pressures. This can be interpreted when looking at the typical relationships used to model fuel cell polarization curves which can be written as:
The first two terms represents the Nernst voltage, where E 0 is the cell voltage at standard operating temperature and pressure, R is the universal gas constant, and F is Faraday's number, and P is the partial pressure of the different gas species. The third term is the Tafel equation used to determine the activation overpotential where a is the charge Fig. 1 e Picture of the actual test cell supplied by Fuel Cell Technologies. i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 2 9 4 4 e2 9 5 4 transfer coefficient, i is the current density, and i o is the exchange current density. The fourth term defines the ohmic losses that are linearly related to the current density where r is the ohmic resistance. The final term is an empirical relationship used to represent the mass transport losses, and is one of the more common models, because it provides an excellent fit [35] . While the mass transport term is useful for modeling polarization data, it is not very helpful in determining how increases in operational parameters such as cell temperature, will effect these losses. 3 e Performance of baseline RIT polarization curves of the tested MEAs as compared to data provided by the manufacturer. Each curve is labeled with the research organization and MEA type, the anode and cathode stoichiometric ratios, the operating temperature, and the publication year for the data source. The sources for each curve are as follows: this work [18, 33] , this work, [34] . 
From a thermodynamic perspective, high dilution levels or low overall system pressures result in a decrease of the reactants partial pressures. This reduction in pressure effects multiple terms in the equation used to model the fuel cell voltage. This impacts the Nernst voltage term resulting in a reduced open circuit voltage. Additionally, it is presumed operating at lower reactant pressures results in lower catalyst site occupancy, thereby reducing the value of the exchange current density, i o , and increasing the activation polarization losses [36] . The mass transport losses are also affected by pressure changes, and increase from reduced partial pressures of the reactants as they are consumed. The mass transport effect is typically seen on the polarization curve at high current densities, but with a reduction in overall system pressure, the mass transport loss will be observed earlier on the polarization curve. Conversely, an increase in the overall system pressure, which in turn increases the partial pressure of the reactants, pushes the mass transport effect further out on the polarization curve. This is evident in Fig. 4 as the pressure increases from left to right. Fig. 5 shows the differential voltage for the PBI MEA due to higher pressures relative to operation at atmospheric pressure for dilution levels of 0% and 20%, and at cell temperatures of 160 C. Modeling the increase in voltage due to an increase in pressure for the open circuit voltage is relatively straightforward using the Nernst term in Eq. (1) . If the system pressure changes from P 1 to P 2 , the resulting change in OCV will be equal to:
When increasing the pressure from 101.3 to 150 and 200 kPa respectively, at 160 C the resulting increase in voltage due to the Nernst potential is 3.7 and 6.3 mV respectively. The rest of the voltage increase due to pressure can be attributed to a reduction in the activation overpotential and the mass transport losses. However, there is no explicit relationship defining the effect pressure has on the exchange current density or the mass transport loss coefficients. Nevertheless, an empirical model can be developed that fits the data well by combining Eq. (2) with the activation and mass transport overpotential terms found in Eq. (1). The effect pressure has on the voltage of the cell can be modeled as:
where A, B, C, and D are empirically determined coefficients. The coefficient A represents the effect pressure has on the charge transfer coefficient a where a must be between 0 and 1 and is typically between 0.1 and 0.5. From the Tafel equation, A ¼ RT 2aF
, and since a is between 0.1 and 1, then A must be between 0.0187 and 0.187. The coefficient B incorporates the effect the change in pressure has on the exchange current density and is equal to the ratio of exchange current densities at different pressures, B ¼ i o;2 io;1 . As it is not expected that pressure will have a positive impact on the exchange current density, B > 1. C and D describe the impact the change in pressure has on the coefficients m and n used in Eq. (1). This model provides an excellent fit to the data (within ±5 mV) and is plotted in Fig. 5 . Table 1 shows the parametric coefficients used for the empirical models shown in Fig. 5 . Note that in the model, i is in units of mA/cm 2 . Increasing the operating temperature of the cell also increases the performance of the cell. Particularly noticeable in Fig. 3 is the effect temperature has on performance at anode dilution levels of 70% N 2 . Increasing the cell operating temperature from 160 to 200 C, while keeping the system pressure at 101.3 kPa, results in an increased voltage level of 342 mV at a current density of 0.9 A/cm 2 . This equates to a power density increase of 308 mW/cm 2 . At higher operating pressures though, this effect is not as pronounced. When Fig. 5 e Differential voltage data and fitted models for the PBI MEA due to higher pressures relative to operation at atmospheric pressure for dilution levels of 0% and 20% at cell temperatures of 160 C. 
operating under 70% anode dilution at 200 kPa, increasing the cell temperature from 160 to 200 C provides a voltage increase of 74 mV at 0.9 A/cm 2 , a power density increase of 67 mW/cm 2 . Although not apparent from Eq. (1), the increase in temperature effects each term, including the ohmic resistance and mass transport overpotentials. As seen in Eq. (1), the temperature of the cell is directly proportional to the Nernst voltage and activation polarization; however, its relationships with the exchange current density, ohmic resistance, and mass transport losses are not as well understood.
Several authors have investigated the effect of temperature on the exchange current density, developing complex models to account for many different parameters including temperature, pressure, electrochemical rate reactions, etc. [37] . Others, such as Korsgard et al. [22] , have developed simple models that are a function of temperature only where the authors suggest the exchange current density has an exponential relationship with temperature. Whatever the relationship is, it is clear that a higher operating temperature of the fuel cell leads to a larger exchange current density, which in turn reduces the activation losses.
It has also been suggested that an increase in temperature has a positive correlation with the ohmic losses. In Refs. [25, 38] , the authors suggest that the membrane temperature dependency of conductivity obeys an Arrhenius relation. In Ref. [22] , the authors empirically determined a linear relationship between temperature and the ohmic loss parameter for a PBI MEA. The positive effect of temperature on the ohmic loss is also evidenced in this work.
The mass transport losses are also reduced by increasing the cell operating temperature, particularly at high dilution levels as is evidenced when comparing the 30/70 H 2 /N 2 polarization curve at 160 C, 101.3 kPa to the 30/70 H 2 /N 2 curve at 200 C, 101.3 kPa. Mass transport losses are a result of reactant depletion at catalyst sites, and begin to appear when the reactant concentration at the surface of the catalyst approaches 0, or when the catalyst reaction cannot occur quickly enough for the desired current draw. Since increases in operating temperatures do not affect the reactant surface concentration, the positive effect an increase in fuel cell temperature has on the mass transport losses is likely a result from an increase in the reaction rate of the electrode catalysts. While the negative performance effects of anode dilution are most strongly seen at low temperatures and pressures, even at anode concentrations of 30/70 H 2 /N 2 , increasing the temperature and/or pressure can drastically improve the performance of the MEA. For example, Fig. 6 shows performance curves of diluted anode feeds that produce similar power levels (within a voltage range of ±20 mV at 0.9 A/cm 2 )
for a PBI MEA operated on pure H 2 at 160 C. Fig. 10 shows similar results but for the TPS MEA. Even at high dilution levels of 70% N 2 , similar performance can be obtained as operating on pure H 2 at 101.3 kPa through varying the cell temperature and pressure. This is a very interesting finding, particularly when designing a system capable of running on a reformed fuel feed. For some reforming processes, hydrogen concentrations in the effluent stream can be as low as 30%. To increase the hydrogen content to higher levels and boost performance, additional reactors are needed, further complicating a system. A relatively simpler approach might be to either increase the temperature, operating pressure, or some combination of the two, to realize greater performance. Ultimately, an energy, durability, and economic tradeoff analysis would be needed to determine the optimal design strategy, including the durability implications of operation at higher temperatures and pressure. Fig. 7 presents the performance curves measured for the TPS MEA under the same conditions used for the PBI MEA. Many of the general trends of the TPS MEA were similar to the PBI, but with some notable differences. Overall, the TPS did not perform as well as the PBI-based MEA. Additionally, the TPS MEA would not generate stable voltages beyond 0.9 A/cm 2 for most polarization curves, due to significant mass transport losses. As a result, the maximum power point for most curves Fig. 6 e Performance curves of a PBI MEA under various operating conditions of anode dilution, temperature, and pressure, but with similar power outputs. i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 2 9 4 4 e2 9 5 4
The effect temperature has on the cell performance for the TPS was not as pronounced as for the PBI. In some cases, performance of the TPS MEA at 200 C was almost the same if not slightly lower than the performance at a temperature of 180 C. As an example, Fig. 9 displays the performance curves for the TPS MEA operating on pure H 2 at 150 kPa for various temperatures. For many of the tests conducted, increasing the operating temperature appeared to increase the performance of the cell at lower current densities, but decrease performance at high current densities. This trend is seen at various dilution levels and pressures and appears to result from a reduction in the activation losses coupled with an increase in the mass transport losses. The underlying reason for this trend is unclear as an increase in temperature is expected to reduce both the activation and mass transport losses through an increase in catalytic activity as a result of higher temperatures. Further investigation is necessary to better comprehend the effects of operating conditions on performance of TPS-based MEAs. Fig. 10 displays several polarization curves that produced similar performance results (within a voltage range of ±20 mV at 0.6 A/cm 2 ) for the TPS MEA, but under different anode dilution levels, temperatures, and pressures. Similar to the performance curves presented in Fig. 6 for the PBI MEA, varying the operating temperature and/or pressure within reasonable limits is an effective way to increase the performance even when operating on highly diluted anode gas concentrations.
Figs. 11 and 12 compare the highest and lowest performance polarization and power density curves respectively of the tested conditions for both the PBI and TPS MEAs. The PBI MEA outperforms the TPS MEA at both the "best" and "worst" test conditions. Additionally, higher operational current densities are achievable when using the PBI material, as the mass Fig. 9 e Performance of TPS MEA for various temperatures at 101.3 kPa operating on pure H 2 at the anode. Fig. 10 e Performance curves of a TPS MEA under various operating conditions of anode dilution, temperature, and pressure, but with similar power outputs. 
transport losses become too large for stable voltage performance of the TPS MEA. The data presented in this paper do not address the MEA tolerance of other contaminants, or durability under long-term operation. Durability issues, such as CO tolerance and long term performance, are important considerations when designing an overall system, and will be considered in future studies of integrated reformer/HT-PEM fuel cell systems.
Several authors have investigated the long-term durability of PBI MEAs, such as [11, 27, 29, 32] , but have only investigated the impact of a few variables. In Ref. [11] , the authors investigate a novel TiO 2 composite PBI membrane for over 1100 h. While operating at 150 C, Their results revealed that acid loss was reduced by 2% when 2 wt.% of TiO 2 was added to the membrane. In Ref. [27] , it is shown that the phosphoric acid evaporation rate of PBI MEAs increases exponentially as the temperature increases. At 200 C, the phosphoric acid evaporation rate was found to be roughly six times the evaporation rate of operation at 160 C. The same study reports a voltage loss of 40 mV after more than 6000 continuous hours (a loss of 6.67 mV/h) while operating at 160 C and a current density of 0.2 A/cm 2 . Assuming the voltage loss over time was largely due to phosphoric acid evaporation, operation at 200 C might still allow for over 1000 h of continuous operation with a voltage drop of 40 mV. However, further investigation of this theory is necessary. To the authors' best knowledge, there are no long-term studies in the public literature on TPS performance. The cells tested in this work were only operated for Fig. 11 e Comparison of the lowest and highest performing polarization curves for the PBI and TPS MEAs. Fig. 12 e Power density curves of the lowest and highest performing polarization curves for the PBI and TPS MEAs.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 2 9 4 4 e2 9 5 4 65 h, exhibiting essentially no performance loss over the tested lifetime. This was surprising given the high temperature operation however, the evaporation rate of phosphoric acid was likely reduced due to the high pressure operations at 200 C. Further investigation into longer lifetimes, and the effects of operating pressure on evaporation rate, is a topic of future research, and may have substantial system level design implications. Perhaps the most important result from the current study is that even while operating on highly diluted anode feed concentrations, modifications to the operating parameters, such as temperature and system pressure, can improve performance to the levels achieved under typical operating conditions (i.e. 160 C, 101.3 kPa for the PBI).
When designing a functional system using a HT-PEMFC to run on a hydrocarbon fuel, it may be less costly, both energetically and economically, to increase either the operating temperature or pressure of the fuel cell rather than incorporating a complex fuel reforming system to improve the quality of the anode feed gas stream. These trade-offs for practical HT-PEM systems will be explored in future papers.
Conclusions
This paper presents performance data for two commercial HT-PEM MEA materials, BASF's Celtec P1100W and Advent's TPS © based MEA, under a wide array of testing conditions.
The effects of temperature and pressure for various levels of anode dilution were investigated. Temperatures and pressures were varied from 160 to 200 C, and 101.3e200 kPa, respectively. The hydrogen concentration examined was varied from 30 to 100%. Increases in pressure and temperature greatly enhance fuel cell performance for both the PBI and TPS MEAs, with the PBI outperforming the TPS under all tested conditions. While there may be a significant performance impact resulting from anode feed dilution, voltage losses can be overcome through increasing the operating temperature and/or pressure of the fuel cell within reasonable limits, even at high anode dilution levels of 70%. However, the energy cost, economic cost, durability, and system level complexity must all be considered when making a final design decision. The data generated from this work will be useful in predicting the values of these tradeoffs for full system designs.
